To evaluate the abilities of satellite retrievals in reflecting precipitation features related to tropical cyclones (TCs) affecting mainland China, four years of 6-and 24-h precipitation retrievals from three datasets, namely the Tropical Rainfall Measuring Mission satellite algorithm 3B42, version 6 (3B42), Climate Prediction Center morphed (CMORPH) product, and one based on the Geostationary Meteorological Satellite-5 infrared brightness temperature (GMS5-TBB), are compared statistically with direct measurements from surface gauge rainfall data during the periods affected by TCs. The GMS5-TBB dataset was set up by a method of considering the GMS5-TBB characteristics, hourly precipitation intensity, and horizontal distribution for landfalling TCs. The results show that in a general sense, all three satellite-retrieved rainfall datasets give quite reasonable 6-and 24-h rainfall distributions, with skill decreasing with the increase in both latitude and rainfall amount. The 3B42 has a little bit better skill than CMORPH, which is likely related to the fact that the 3B42 product has a rain gauge adjustment and CMORPH does not. Further analyses show that both 3B42 and CMORPH considerably underestimate the moderate and heavy rainfall and overestimate the very light precipitation. The overestimation of the GMS5-TBB data for the light rain is larger than that for 3B42 and CMORPH, probably due to the fact that the GMS5-TBB method considers stratiform and convective rainfall separately with a fixed stratiform rain rate of 2 mm h
Introduction
Accurate estimates of precipitation at both high temporal and spatial resolutions are required for many applications. Such estimated datasets can provide useful information for disaster mitigation worldwide and for verification of numerical weather predictions and improving the model initial conditions through data assimilation (Pu et al. 2002; Hou et al. 2001 Hou et al. , 2004 Ding et al. 2005; Hou and Zhang 2007) . Good quality rainfall datasets are also useful for analyzing and understanding precipitation characteristics, such as the precipitation diurnal cycle (Huffman et al. 1995 (Huffman et al. , 1997 Nesbitt and Zipser 2003; Yang and Smith 2006; Zhou and Wang 2006; Zhou et al. 2008; Kikuchi and Wang 2008) , and for diagnosing discrepancies in numerical model physics associated with cloud and precipitation processes (Wang et al. 2007b; Zhou et al. 2008) . Furthermore, accurate quantitative precipitation estimation (QPE) is a precondition to a good quantitative precipitation forecast (QPF).
Whereas rain gauge data are routinely available, they are sparse in many important regions even over land. Many gauge stations report only 6-hourly or even daily rainfall amounts. The weather radar network could provide good spatial and temporal coverage, but problems associated with interradar calibration and blockage by mountains still limit its accuracy and capability. Retrievals of precipitation from satellite measurements become the major products widely used to document precipitation characteristics and verify model predictions/simulations, in particular over the open oceans where there are few surface observations.
There have been several global satellite rain-rate products available, including Tropical Rainfall Measuring Mission (TRMM) satellite algorithm 3B42, version 6 (3B42; Huffman et al. 2007) , National Oceanic and Atmospheric Administration (NOAA) Climate Prediction Center's (CPC) morphing method (CMORPH) (Joyce et al. 2004) , and the Precipitation Estimation from Remotely Sensed Information Using Artificial Neural Networks (PERSIANN) (Sorooshian et al. 2000) . In addition, the Geostationary Meteorological Satellite 5 (GMS5) infrared (IR) brightness temperature (TBB) estimated rainfall dataset (hereinafter the GMS5-TBB data) developed by Yue et al. (2006a,b) has been used operationally at the Shanghai Typhoon Institute (STI) since 2008. A number of efforts have been made to compare the satellite estimated rainfall products with other direct rainfall measurements (Xie and Arkin 1995; Nicholson et al. 2003a,b; Serra and McPhaden 2003; Gottschalck et al. 2005; Zhou et al. 2008) . However, these studies are usually limited to compare the monthly mean products. Comparisons of satellite and gauge rainfall data on daily scales have recently begun. For example, using the broad and narrow variance categories, Ruane and Roads (2007) analyzed the frequency characteristics using the 3-hourly precipitation data from three high-resolution products (3B42, CMORPH, and PERSIANN) and two reanalysis datasets. More recently, comparison of daily rainfall of TRMM products and gauge data has been carried out in Thailand by Chokngamwong and Chiu (2008) .
One main difficulty in comparing satellite and rain gauge data is that the satellite and surface instruments measure fundamentally different quantities. For example, the TRMM Microwave Imager (TMI) measures the volume-integrated microwave emission within the instrument's instantaneous-rate field of view, from which a surface precipitation rate is inferred. Rain gauges, on the other hand, make essentially point measurements in space. Poor spatial sampling can lead to significant errors in estimates of area-average precipitation rates. Bell and Kundu (2003) and Bowman (2005) focused on this statistical problem of comparing rain gauge measurements with satellite rain-rate estimates and indicated that the role of sampling error in satellite-gauge (SG) intercomparison was dependent on several factors, including the averaging area and time scales and the number and spacing of gauges in the area. Some optimal strategies suggested by a spectral model were that comparisons of data from a single gauge and a single satellite overflight require large averaging times and areas. However, that was too large to be practical. Nevertheless this situation would be improved if multiple gauges were present during satellite overflight (Bell and Kundu 2003) . So comparing the two types of products can be quite challenging, but it would be feasible if gauge stations were not sparse.
Recent studies have shown that satellite estimated rain rates can resolve the tropical precipitation systems, such as tropical cyclones (TCs), reasonably well (Lonfat et al. 2004; Chen et al. 2006 ) and therefore they are used to analyze TC cloud and precipitation characteristics (He et al. 2006; Wang et al. 2007a ). However, the evaluation of satellite rain estimates for landfalling TCs on daily and multihour scales has not been carried out over China. Inland flooding caused by heavy rainfall from landfalling TCs is a significant threat to life and property. Recent examples causing devastating rain and severe floods in China include the landfalling TCs Talim (2005) and Bilis (2006) . It is necessary to provide a quantitative evaluation of the precipitation products from different datasets. Such an evaluation would give confidence for their use in TC rainfall forecast and research.
The objective of this study is to provide an initial evaluation of the satellite precipitation estimates for TCs affecting mainland China during 2003-06. Both 6-and 24-hourly precipitation products from 3B42, CMORPH, and GMS5-TBB data are compared with the corresponding rain gauge data. Note that both the rain gauge data and the satellite-based estimates have nonnegligible errors (Morrissey and Greene 1993; Huffman et al. 1995 Huffman et al. , 1997 . However, as indicated by Xie and Arkin (1995) , the random errors in the rain gauge data are relatively small compared with the bias in satellite estimates.
The rest of the paper is organized as follows: section 2 describes the different datasets. The verification methods used in this study are shown in section 3. Sections 4 and 5 compare the 24-and 6-hourly rainfall products among 3B42, CMORPH, GMS5-TBB, and rain gauge data, respectively. A case study of Typhoon Bilis (2006) is highlighted in section 6. The major results are summarized in the last section.
Precipitation datasets a. 3B42
TRMM is a joint U.S.-Japan satellite that was launched in November 1997 (Simpson et al. 1988) . Its primary mission is to measure precipitation in the tropics, especially over the tropical oceans, where surface observations are scarce. The TRMM satellite operates in a lowinclination (358) orbit that precesses with respect to the diurnal cycle with a period of about 47 days. The principal precipitation measuring instruments on the satellite are the TMI and the precipitation radar (PR) as described in Kummerow et al. (1998) . It is a multichannel, passive, conically scanning, microwave radiometer.
The TRMM 3B42, version 6, products depend on input from two different sets of sensors (Huffman et al. 2007 ). First, precipitation-related passive microwave data are collected by a variety of low-earth-orbit (LEO) satellites, including the TMI, Special Sensor Microwave Imager (SSM/I) on the Defense Meteorological Satellite Program (DMSP) satellites, Advanced Microwave Scanning Radiometer for Earth Observing System (AMSR-E) on Aqua, and the Advanced Microwave Sounding Unit B (AMSU-B) on the NOAA satellite serials. The second major data source for the 3B42 is the window-channel (;10.7 mm) infrared data from geosynchronous earth orbit (GEO) satellites.
In this study, we use the 3B42 products, which are produced in four stages: 1) the microwave precipitation estimates are calibrated and combined, 2) infrared precipitation estimates are created using the calibrated microwave precipitation, 3) the microwave and IR estimates are combined, and 4) rain gauge data are incorporated. Note that the rain gauge data used are monthly and then a monthly satellite-gauge combination is produced (3B43). Then the field of SG ratios is computed on the 0.258 3 0.258 grid and applied to scale each 3-hourly field in the month, producing the 3B42 product. So the 3B42 product is calibrated by the indirect use of the rain gauge analysis over land.
The retrieved rainfall data are given in 0.258 3 0.258 boxes on the latitude band between 508S and 508N at every 3-h interval starting from 1 January 1998.
b. CMORPH data
The CPC morphing technique produces global precipitation analyses at very high spatial and temporal resolutions (Joyce et al. 2004 ). This technique uses precipitation estimates derived from low-orbiting satellite microwave observations exclusively, whose features are transported via spatial propagation information that is obtained entirely from geostationary satellite IR data. At present CMORPH incorporates precipitation estimates derived from the passive microwaves aboard the DMSP-13, -14, and -15 (SSM/I), the NOAA-15, -16, -17, and -18 (AMSU-B), and AMSR-E and TMI aboard the National Aeronautics and Space Administration's (NASA) Aqua and TRMM spacecraft, respectively. These estimates are generated by algorithms of Ferraro (1997) for SSM/I, Ferraro et al. (2000) for AMSU-B, and Kummerow et al. (2001) for TMI. Note that this technique is not a precipitation estimation algorithm but a means by which estimates from existing microwave rainfall algorithms can be combined. Therefore, this method is extremely flexible such that any precipitation estimates from any microwave satellite source can be incorporated.
With regard to the spatial resolution, although the precipitation estimates are available on a grid with a grid spacing of 8 km (at the equator), the resolution of the individual satellite-derived estimates is coarser than that-on the order of 12 km 3 15 km. The finer ''resolution'' is obtained via interpolation. In this study, the 3-hourly data at 0.258 resolution are used. The data have covered 608S-608N globally since 3 December 2002.
c. GMS5-TBB data
Based on the experiences and work of Adler and Negri (1988) , Goldenberg et al. (1990) , and Li et al. (1993) , a preliminary method of QPE for landfalling typhoons was proposed by Yue et al. (2006a,b) using GMS5 infrared channel 1 (IR1) TBB data. Its main content includes five steps as follows: 1) Considering that the east-west and north-south resolutions of GMS5 IR1 TBB data are the same, a ''slope parameter'' S is calculated as
where i and j refer to the position of the pixel for which S is calculated; D EW 5 D NS ' 5.6 km are the GMS5 east-west and north-south resolutions, respectively; and D 5 5.8 km is the average Geostationary Operational Environmental Satellite (GOES) distance. 2) Since the lowest TBB is about 190-210 K for landfalling typhoons, it is quite similar to the lowest TBB (about 200 K) in Adler and Negri (1988) . According to Adler and Negri, a minimum value is set to indicate the location of a convective core if
where T min is the lowest TBB at grid (i, j). 3) A modified minimum TBB (T c ) is given as
and it can be directly used to calculate the convective rain area and rain rate caused by convective cores. 4) The convective rain rate of landfalling typhoons is adjusted according to the hourly rain gauge data of landfalling TCs, and then it is given as follows:
Rain rate 5 exp(À0.0257T c 1 7.468).
This method treats the convective rain rate on each grid point, which is quite different from the methods of Adler and Negri (1988) and Goldenberg et al. (1990) because they would give the same convective rain rate for one whole convective rain area, or an average rain rate for overlapped convective rain areas. Therefore, this method would avoid the simple average method for the overlapped convective rain areas, and then regardless of whether the rain areas are overlapped or not, the convective rain rate on each grid point is unique. 5) If TBB is lower than a critical temperature (T s ) and it is not regarded as convective rain for some grid points, it would be judged as stratiform cloud and the rain rate would be given as 2 mm h 21 .
In conclusion, the GMS5-TBB method has considered GMS5 IR1 TBB characteristics for landfalling typhoons, and hourly precipitation intensity and horizontal distribution as well, and it thus makes use of the GMS5-TBB data restricted to landfalling TCs. The hourly precipitation of 0.058 resolution in the domain of 108-458N has been retrieved operationally for landfalling TCs since 2008 at the Shanghai Typhoon Institute.
d. Rain gauge data
The gauge rain data are used for reference in our comparison. Figure 1a shows locations of the rain gauge stations used in this study. If there are many gauge stations within an area, there may be relatively large fluctuation among them but the satellite-gauge relative error due to sampling will diminish. The discrepancy is expected to be smaller in areas where the gauges are dense. As shown in Fig. 1b , the rain gauges are densely distributed in the coastal areas of China, thus there would be a relatively lower fluctuation of bias in comparison. Rain rates are calculated and collected on each rain gauge station. Since instrumental noise is not removed from the rain gauge data, the rain gauge data may have some bias . Rain gauges are known to underestimate rain because of wind effects at the mouth of the gauge (Yang et al. 1998 ). The errors under windy conditions can be large, but they are not completely understood and studied for corrections.
The focus of this study is on 6-and 24-hourly rainfall, so the hourly and 3-hourly satellite-retrieved rain is summed to produce the accumulated 6-and 24-hourly rainfall for rain gauge data comparisons.
Verification methods
The 3B42, CMORPH, and GMS5-TBB data can be verified either directly against the gauge observations themselves, or against a gridded analysis of the observations. However, the gridded analysis of rainfall observations has not been available operationally in China yet. Because gridding of gauge precipitation data significantly increased the frequency of low-precipitation events while greatly reducing the frequency of heavy precipitation events (Ensor and Robeson 2008) , and because this study focuses on TC-related rainfall given that true representations of heavy precipitation are very important for the observations that are included, then direct comparisons to gauge stations are chosen in the study. Demirtas et al. (2005) made comparisons of two types of QPF verification techniques of ''grid to grid'' and ''grid to point'' with bilinear interpolation and the result indicated that both verification techniques led to similar conclusions on QPF verification. Even though the interpolation in our study would bring some errors to the gauged rainfall for the three satellite-retrieved precipitation products, the differences between the three products and gauge-observed rain fields would be much larger than the errors in the verification data themselves. Furthermore the differences between the three satelliteretrieved rainfall products are the main issue in this research. So the comparison is directly made on rain gauge stations, and the three satellite-retrieved precipitation products are first interpolated to the rain gauge stations by bilinear interpolation. A number of categorical statistics such as threat score (TS) and equitable threat score (ETS) are then applied. The term ''categorical'' refers to the yes/no nature of the verification at each station. Some thresholds (i.e., 1, 10, 25, 50, and 100 mm) are considered to define the transition between a rain and no-rain event. Then at each gauge station, each verification time is scored as falling under one of the four categories of correct no-rain estimate, false alarms, misses, or hits (Z, F, M, or H as shown in Table 1 ).
TS is computed from the elements of this rain/no-rain contingency in Table 1 as below (Donaldson et al. 1975) :
It ranges between 0 and 1, with a value of 1 indicating a perfect estimate. The TS is somewhat sensitive to the climatology of the events. It tends to give lower scores for rare events. A related score, ETS, is designed to help offset this tendency (Schaefer 1990 ). The ETS is given by
where
, and it is determined by assuming that the estimates are totally independent of the observations, and the estimate will match the observation only by chance. This is an unskilled estimate, which can be generated by just guessing what will happen. The ETS ranges between 2 1 /3 and 1. The minimum value depends on the verification sample climatology. In addition, the correlation coefficient (CC) is calculated as below:
where X represents the observation, Y represents the estimate, and X, Y are the area means of X and Y, respectively. Finally, hit, bias, and root-mean-square error (RMSE) are also used in comparisons.
Comparison results of 24-h rainfall
A typhoon may affect rainfall in China when its center is either over the ocean or after its landfall. In this section, we first analyze all cases that affected mainland China regardless of whether their centers were over the ocean or not and then those cases after landfall over mainland China during 2003-06. All available 24-h rain gauge data for the 4 yr of CMORPH operation are used. There are a total of 50 TC cases that affected mainland China within 27 216 rain gauge data records, while there are 25 TCs that landed over mainland China during the 4-yr period.
a. For all cases
To compare the 24-h rainfall of 3B42 and CMORPH with rain gauge data, TS, ETS, and CC are calculated first and given in Table 2 . The maximum TS of 3B42 rain estimates is 0.59 for 1-mm rainfall and 0.55 for CMORPH. Overall, the TS, ETS, and CC of 3B42 and CMORPH-retrieved rainfall are similar but that of 3B42 is a little higher than that of CMORPH, indicating that the 3B42 rain estimates could reflect the rain gauge data a little better than the rain retrieved from CMORPH in general. This would be connected with the fact that the 3B42 rain data are indirectly adjusted by rain gauge data (Huffman et al. 2007 ). But the TS and ETS decrease quickly when the rainfall amount increases. For 100-mm rainfall, neither TRMM or CMORPH products have any skill at all in comparison with the gauge rainfall.
b. For landed TCs
The analysis in this section only includes landed TCs (Table 2 ). There were 25 TCs that landed over mainland China during 2003-06. The 24-h rainfall estimates from 3B42, CMORPH, and GMS5-TBB data for the ) is chosen to separate rain from no-rain events. Here, Z is the number of correct predictions of rain amount below the specified threshold, F is the number of false alarms, M is the number of misses, and H is the number of correct rain forecasts or hits.
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Observed
No rain
25 landed TCs are compared with the corresponding 24-h gauge rainfall. For landfalling TCs, the skill of 3B42 and CMORPH is similar to that for all cases (see Table 2 ). However, the GMS5-TBB-retrieved rainfall product has much higher skill in TS and ETS in general, especially for rainfall greater than 25 mm, than either 3B42 or CMORPH although its CC is slightly lower than both 3B42 and CMORPH. Importantly, the GMS5-TBB shows high skill in estimating the heavy rainfall (50 and 100 mm day
21
) with TS of 0.27 and 0.17, respectively, while the TS are near zero for both 3B42 and CMORPH. This indicates that the GMS5-TBB data product can be a good reference for heavy rainfall associated with landfalling TCs. Table 3 shows averaged performances for the five categories of rainfall amount (namely, 0-1, 1-10, 10-25, 25-50, and $50 mm) for 3B42, CMORPH, and GMS5-TBB data, respectively. For 3B42 and CMORPH, their hits, bias, and RMSE are still similar but 3B42 has relatively higher hits, lower bias, and smaller RMSE generally for all rainfall amount categories. For light rain (0-1 mm), both 3B42 and CMORPH overestimate the gauge rain with a positive bias of 1.1 and 1.0 mm, while they underestimate the nonlight rainfall, especially the heavy rain ($50 mm), with negative biases. For GMS5-TBB data, their hits are quite higher than those of 3B42 and CMORPH, especially when the rainfall is over 50 mm, and they still has some skill with a hit rate of 5.1% for the heavy rainfall events. However, it overestimates light and moderate rainfall (0-25 mm) with a relatively larger bias than both 3B42 and CMORPH. For moderate and heavy rain ($25 mm), the GMS5-TBB-based rain data could do a better job, with a hit rate of 0.9%, a bias of 229.7, and an RMSE of 63.2 for 100-mm rain. The bias is about half of that from either 3B42 or CMORPH.
To compare the abilities of 3B42, CMORPH, and GMS5-TBB products in different regions of China, the area of 108-508N, 908-1508E is divided into 58 3 58 grid boxes, and then TS and ETS are averaged in each grid box. The box-averaged ETS and TS of products and their differences are shown in Figs. 2 and 3 for rainfall thresholds. The patterns of ETS of 3B42, CMORPH, and GMS5-TBB rain data seen from Figs. 2a-c are quite similar to each other, with two high-value areas respectively located in South China and in the Shandong Province (near 358N, 1158E) for 1-, 10-, and 25-mm rainfall while the ETS are relatively lower in areas between 308 and 358N. For $50-mm, 24-h rainfall, their ETS are decreasing with latitude in general, but the GMS5-TBB data get much higher ETS values than both 3B42 and CMORPH (Fig. 2d) . The TS differences between 3B42 and GMS5-TBB data have been shown in Fig. 3 too. The spatial distributions of the TS of 3B42 and GMS5-TBB rainfall products are very similar to that of the ETS (see Fig. 2 ), but the skill score differences of TS seem to be mainly for the 50-and 100-mm heavy rainfall (Figs. 3d,e) . The TS of the GMS5-TBB data for 50-and 100-mm rain can be as high as 0.25 and 0.2 while it is only 0.05 and 0.0, respectively, for the 3B42 data.
Mean bias relative to the gauge rainfall data can give different aspects for the quality of the precipitation products. It would be interesting to see the bias for different rainfall categories. We therefore divide rainfall into six categories: 0-1, 1-10, 10-25, 25-50, 50-100, and $100 mm, and calculate the mean bias for the individual categories for 3B42, CMORPH, and GMS5-TBB estimated rainfall products, respectively, as given in Figs. 4-6. A robust feature is an overestimation of small rainfall in the category of 0-1 mm but an underestimation for the rest of the categories by both 3B42 and CMORPH products (Figs. 4, 5) . Nevertheless, the GMS5-TBB seems to overestimate the 0-1-, 1-10-, and sometimes 10-25-mm rain (Fig. 6 ). Meanwhile there is still underestimation for the moderate and heavy rain and the underestimation increases as the rainfall amount increases for all three datasets. The 0-1-mm gauge rainfall is generally overestimated by 0-2 mm by both 3B42 and CMORPH datasets, while the overestimation is much larger for the GMS5-TBB-based rain. The 1-10, 10-25, 25-50, 50-100, and $100 mm of gauge rainfall are underestimated as 1-4, 9-14, 26-30, 50-60, and $100 mm by 3B42 and CMORPH, respectively. Although both 3B42 and CMORPH products show large bias, the overall mean bias is about 29 mm in the 3B42 FIG. 5 . As in Fig. 4 , but for CMORPH rain dataset (mm).
dataset but above 210 mm in CMORPH, and thus overall 3B42 rainfall has slightly smaller errors than CMORPH rainfall products. GMS5-TBB data generally overestimated the light-moderate rainfall (0-25 mm day
) with the positive bias much larger than both 3B42 and CMORPH (Figs. 4-6) . Although similar to 3B42 and CMORPH, GMS5-TBB data also underestimated the heavy rainfall (.50 mm day 21 ), but gave much improved estimates with almost halved biases of that from 3B42 and CMORPH products.
In fact, for the new set of GMS5-TBB data, the method considers stratiform and convective rainfall respectively. But the fixed stratiform rain rate given by 2 mm h 21 would bring a relatively positive bias for the FIG. 6 . As in Fig. 5 , but for GMS5-TBB rain dataset (mm).
light rain, and thus the overestimation of the GMS5-TBB data would be larger than 3B42 and CMORPH. Meanwhile, the GMS5-TBB method adopted the adjustment of the convective rain rate by considering TBB of landfalling typhoons and using hourly gauge rainfall of landfalling TCs, which would be the reason to better reflect the TC-related heavy rainfall. Based on the above analyses, we can conclude that the abilities of 3B42, CMORPH, and GMS5-TBB data to reflect the gauge rainfall all decrease as both latitude and rainfall amount increase in general, while all show relatively low TS and ETS in areas between South China and the Shandong Province for light and moderate rain. But to the skill scores for different rainfall amounts, the 3B42 rainfall dataset is similar but slightly superior to the CMORPH products in general. And the differences between GMS5-TBB data and 3B42 or CMORPH rainfall estimates are large mainly for 50-and 100-mm rainfall thresholds. GMS5-TBB data could reflect the heavy rainfall better, with almost halved biases of 3B42 and CMORPH. But since bilinear interpolation of the gridded satellite rain products will smear the rain values so that the actual heavy rain rates of 3B42 and CMORPH might be underestimated, the skill of the various satellite products at heavy rain rates may be higher, which would then not necessarily indicate poor skill of the satellite estimates of 3B42 and CMORPH.
Comparison results of 6-h rainfall a. For all cases
As done in section 4 for 24-h rainfall, 6-h rainfall of 3B42 and CMORPH is also compared with the 6-h gauge rainfall data (Table 4 ). In general, 3B42 and CMORPH have relatively lower skill in estimating 6-h rainfall than 24-h rainfall (Table 4 ). The TS for 1-mm, 6-h rainfall of 3B42 and CMORPH is about 50% of that for 24-h rainfall and is much lower for 6 h, 1 mm, and 25 mm and generally has no skill for rainfall amounts larger than 50 mm. The ETS and CC for 6-h rainfall from 3B42 and CMORPH estimates are also lower than those for 24-h rainfall. These results indicate that the 24-h rainfall estimations of 3B42 and CMORPH are generally more reliable than the 6-h rainfall estimation.
b. For landed TCs
For 6-h rainfall of the landed cases, the 3B42 and CMORPH products show similar skill scores to those for all cases (Table 4) . However, although the GMS5-TBB-based rain dataset has higher TS and ETS scores than 3B42 and CMORPH for rainfall of 10, 25, and 50 mm 6 h 21 , the 6-h rainfall scores are not as good as those for the 24-h rainfall. Its TS, ETS, and CC for 6-h rainfall become almost half of that for 24-h rainfall too (Table 4 ). The TBB-retrieved, 6-hourly rainfall has no skill for heavy rainfall.
A case study
Typhoon Bilis (2006) is chosen as a landed TC case to compare the four datasets for landfalling TC rainfall derived from rain gauge, 3B42, CMORPH, and GMS5-TBB. Bilis landed in the Fujian Province of China on 14 July 2006. After its landfall, it maintained its identity for 5 days and brought heavy rainfall to southeast China. It represents a typical landfalling TC case.
The correlation coefficients between, respectively, the 3B42, CMORPH, and GMS5-TBB rainfall datasets and rain gauge dataset are calculated. The high CCs (0.71, 0.74, and 0.67) indicate that the three estimated rainfall (Table 5 ). The GMS5-TBB rainfall dataset can represent heavy rainfall much better than either 3B42 or CMORPH rainfall products. Figure 7 shows the 24-h rainfall distribution from the three retrieved datasets. They are generally quite similar in spatial distribution but have quite different maximum rainfall values, namely, the maximum 24-h rainfall is 80, 55, and 200 mm, respectively, for 3B42, CMORPH, and GMS5-TBB data. They all largely underestimated the maximum 24-h rainfall of over 400 mm from the rain gauge data. The GMS5-TBB rainfall amount is much closer to the gauge rainfall, while both 3B42 and CMORPH severely underestimated the heavy rainfall.
Conclusions
The GMS5-TBB-retrieved rainfall dataset was developed by Yue et al. (2006a,b) and was operationally produced at the Shanghai Typhoon Institute for TCs that landed over mainland China. Using the 4-yr (2003-06) rainfall datasets of 3B42, CMORPH, and GMS5-TBB, and rain gauge of mainland China, this paper analyzed the abilities of the satellite-retrieved rainfall datasets of 3B42, CMORPH, and GMS5-TBB in representing the 6-and 24-h gauge rainfall for the rainfall events associated with TCs affecting mainland China. The results show that compared with rain data from both 3B42 and CMORPH, the GMS5-TBB data show much higher skill in representing the heavy rainfall events. All three satellite-retrieved rainfall datasets seem to give quite reasonable 6-and 24-h rainfall distributions and their skills decrease with the increase in both latitude and rainfall amount in general. But they have different performance skills in reflecting rainfall of different amounts. The TS for the 24-h rainfall retrievals for landfalling TCs are 0.62, 0.47, 0.35, 0.27, and 0.17 for GMS5-TBB data, respectively, for 1, 10, 25, 50, and 100 mm day 21 while they are 0.59, 0.33, 0.13, 0.03, and 0.0 for 3B42 and 0.56, 0.25, 0.07, 0.01, and 0.0 for CMORPH. It indicates that 3B42 and CMORPH have similar performance skills in reflecting the TC-related rainfall but 3B42 shows a little better performance in general, which would likely be related to its rain gauge adjustment.
The datasets of 3B42 and CMORPH have overestimated the light rainfall (0-1 mm day
21
) and underestimated the nonlight rain (over 1 mm day 21 ). Large differences between the 3B42 or CMORPH and GMS5-TBB products are found mainly for the heavy rainfall. Even though the GMS5-TBB data overestimate the light and moderate rainfall and underestimate the heavy rain like 3B42 and CMORPH, they give much improved heavy rain estimates with almost halved biases of that from the 3B42 and CMORPH products. We also find that the three satellite products evaluated in this study are more accurate for the 24-h rainfall estimates than for the 6-h rainfall estimates.
Finally, a case study for Typhoon Bilis (2006) was chosen to show the abilities of 3B42, CMORPH, and GMS5-TBB data in reflecting the gauge rainfall. The three retrieved rainfall datasets could reflect the rainfall patterns well. All show considerable skill in the light and moderate rainfall categories, but the GMS5-TBB rainfall dataset provided the best estimation for heavy rainfall. Since we are mostly concerned with the heavy rainfall events associated with TCs, the GMS5-TBB data could be a useful product for operational/research use.
